Objective-Migration of vascular smooth muscle cells (VSMCs) contributes to formation of vascular stenotic lesions such as atherosclerosis and restenosis after angioplasty. Previous studies have demonstrated that tumor necrosis factor-␣ (TNF-␣) is a potent migration factor for VSMCs. cAMP-response element-binding protein (CREB) is the stimulusinduced transcription factor and activates transcription of target genes such as c-fos and interleukin-6. We examined whether CREB is involved in TNF-␣-induced VSMC migration. Methods and Results-TNF-␣ induced CREB phosphorylation with a peak at 15 minutes of stimulation. Pharmacological inhibition of p38 mitogen-activated protein kinase (p38-MAPK) inhibited TNF-␣-induced CREB phosphorylation. Adenovirus-mediated overexpression of dominant-negative form of CREB suppressed TNF-␣-induced CREB phosphorylation and c-fos mRNA expression. VSMC migration was evaluated using a Boyden chamber. Overexpression of dominant-negative form of CREB suppressed VSMC migration as well as Rac1 expression induced by TNF-␣. Overexpression of dominant-negative Rac1 also inhibited TNF-␣-induced VSMC migration. 
A ccumulation of vascular smooth muscle cells (VSMCs) in the intima of arteries is one of the most prominent cellular features of the atherosclerotic plaque and of the neointimal hyperplasia that causes restenosis after angioplasty. 1,2 VSMC accumulation in the intima results from cell proliferation and directed migration of VSMCs from the media. These processes are regulated by various factors that are produced locally at the sites of vascular lesion by macrophages, T-lymphocytes, platelets, endothelial cells, and VSMCs.
Tumor necrosis factor-␣ (TNF-␣) is a potent proinflammatory cytokine produced by activated macrophages, monocytes, and lymphocytes. TNF-␣ is expressed actively in atherosclerotic lesions and in the intima of arteries after injury. 3 In vivo experiments demonstrated a critical role of TNF-␣ in the neointimal formation of vascular stenosis. 4, 5 TNF-␣ blockade by soluble TNF-␣ receptor suppressed coronary artery neointimal formation after cardiac transplantation in rabbits. 4 Although previous study demonstrated that TNF-␣ is a potent migration factor for VSMCs, 6 its signaling pathway involved in VSMC migration is not fully elucidated.
cAMP-response element (CRE)-binding protein (CREB) is a 43-kDa nuclear transcription factor belonging to the CREB/ activating transcription factor (ATF) family. 7, 8 Phosphorylation of serine residue at 133 (Ser133) is necessary for transcriptional activation. Ser133 phosphorylation is mediated by a variety of protein kinase pathways such as (1) protein kinase A (PKA), (2) Ca 2ϩ /calmodulin-dependent protein kinase (CaMK) II, 9 (3) extracellular signal-regulated kinase (ERK), 10 (4) p38 mitogen-activated protein kinase (p38-MAPK), 11 and (5) phosphatidylinositol 3-kinase (PI3K). 12 Many reports have defined a role of CREB in proliferation and differentiation of numerous tissues; however, a role of CREB in cell migration remains largely unknown.
In this report, we showed that TNF-␣ activated CREB through p38-MAPK and that overexpression of dominantnegative form of CREB inhibited TNF-␣-induced VSMC migration.
Materials and Methods

Materials
DMEM was purchased from GIBCO/BRL. FBS was purchased from BioWhittaker. BSA, ionomycin, and KN-93 were purchased from Sigma. Recombinant human TNF-␣ was a generous gift from Dainippon Pharmaceutical Co. (Osaka, Japan). PD98059 and wortmannin
Adenovirus Vector Expressing LacZ and Dominant-Negative Form of CREB
A recombinant adenovirus vector expressing a mutant of CREB (AdCREB M1) 14 in which the phosphorylation site at Ser133 was changed to alanine was a generous gift from Dr Anthony J. Zeleznik (University of Pittsburgh, Pennsylvania). A recombinant adenovirus vector expressing Asn17-Rac1 (AdDNRac1) was generated in our laboratory by Adenovirus Expression Vector Kit (Takara) according to instructions of the manufacturer. Confluent VSMCs were washed 2ϫ with PBS and incubated with AdCREB M1, AdDNRac1, or adenovirus vector expressing LacZ (AdLacZ) under gentle agitation for 2 hours at room temperature. Then the cells were washed 3ϫ, cultured in DMEM with 0.1% BSA for 2 days, and used for the experiments. Multiplicity of infection (moi) indicates the number of virus per cell added to culture dish.
Northern Blot Analysis
Total RNA was prepared according to an acid-guanidiniumthiocyanate-phenol-chloroform extraction method. Northern blot analysis of c-fos, Cdc42, and 18S rRNA was performed as described previously. 13 Radioactivity of hybridized bands of c-fos mRNA, Cdc42 mRNA, and 18S rRNA was quantified with a MacBAS Bioimage Analyzer (Fuji).
Migration Assay
Cell migration was analyzed in a Boyden chamber housing a collagen I-precoated polycarbonate membrane with 8.0-m pores (Chemicon). Lower chambers were filled with or without TNF-␣ (10 ng/mL) in serum-free medium. Then 4.0ϫ10 4 cells were placed on the upper side of the membrane and allowed to migrate through the pores. After 4 hours of incubation, the number of cells that migrated to the lower surface of the membrane was counted per ϫ200 high-power fields (HPFs). The cell number of 10 randomly chosen HPFs was counted per well.
Preparation of Nuclear Extracts and Gel Mobility Shift Assay
Preparation of nuclear extracts and gel mobility shift assay were performed as described previously. 15 DNA probes of Rac-CRE (5Ј-GAACTCGTGACCTCAGGTGAT-3Ј: Ϫ521 bp to Ϸ Ϫ540 bp from transcription initiation site) and nuclear factor B (NF-B; 5Ј-AGATGAGGGGACTTTCCCAGGC-3Ј, consensus sequence) were labeled with 32 P. Ten micrograms of nuclear extracts were incubated with 1ϫ10 5 counts per minute of labeled DNA probe for 30 minutes at room temperature and electrophoresed on 4% acrylamide gel. Fifty-fold molar excess of unlabeled DNA was added as a competitor. After electrophoresis, gels were dried and exposed to x-ray films.
Statistical Analysis
Statistical analysis was performed with 1-way ANOVA and Fisher test if appropriate. PϽ0.05 was considered statistically significant. Data are shown as meanϮSEM.
Results
CREB Phosphorylation at Ser133 by TNF-␣
To examine whether CREB is phosphorylated in response to TNF-␣, we performed Western blot analysis using an antibody that only recognized phosphorylated form of CREB at Ser133. TNF-␣ stimulated CREB phosphorylation with a peak at 15 minutes of stimulation ( Figure 1A ). TNF-␣ dose-dependently increased CREB phosphorylation with a peak at 1 ng/mL after 15 minutes of stimulation ( Figure 1B ).
p38-MAPK Pathway Mediates TNF-␣-Induced CREB Phosphorylation
Several protein kinases are reported to phosphorylate CREB. 9 -12 We examined which pathway was responsible for TNF-␣-induced CREB phosphorylation. SB203580 (10 mol/L), a p38-MAPK inhibitor, completely blocked TNF-␣-induced CREB phosphorylation ( Figure 2 ). TNF-␣ stimulated p38-MAPK phosphorylation with a peak at 15 minutes of stimulation ( Figure 3A) , and the same concentration of SB203580 blocked TNF-␣-induced phosphorylation of p38-MAPK and ATF2, which is a downstream target molecule of p38-MAPK ( Figure 3B ). SB203580 did not affect TNF-␣-induced c-Jun N-terminal kinase (JNK) or ERK phosphorylation ( Figure 3B ). PD98059 (10 mol/L), an ERK kinase (MAPK kinase) inhibitor, wortmannin (50 nmol/L), Figure 1 . CREB phosphorylation at Ser-133 by TNF-␣. A, VSMCs were stimulated with TNF-␣ (1 ng/mL) for varying periods indicated in the figure (nϭ4). B, VSMCs were stimulated with TNF-␣ for 15 minutes at concentrations varying from 0.1 to 100 ng/mL (nϭ4). CREB phosphorylation was detected by Western blot analysis using a phospho-specific CREB antibody. Density of the specific band was scanned and quantified with an imaging analyzer. The ratio of phosphorylated CREB to total CREB in TNF-␣-stimulated cells is shown as the relative fold increase compared with that in unstimulated cells. Values are expressed as meanϮSEM; *PϽ0.05; **PϽ0.01 vs control.
an inhibitor of PI3K, KN-93 (10 mol/L), an inhibitor of CAMKII, and H89 (1 mol/L), an inhibitor of PKA, did not affect TNF-␣-induced CREB phosphorylation (Figure 2 ). The same concentration of PD98059 blocked the TNF-␣-induced ERK phosphorylation. Wortmannin blocked TNF-␣-induced Akt phosphorylation. H89 and KN93 at the same concentration blocked forskolin and ionomycin-induced CREB phosphorylation, respectively ( Figure I , available online at http://atvb. ahajournals.org.). These data confirmed that these protein kinase inhibitors at the concentration we used sufficiently inhibited target protein kinase pathways. Together, these data suggest that p38-MAPK pathway is important for TNF-␣-induced CREB phosphorylation.
Dominant-Negative Form of CREB Overexpression Inhibits TNF-␣-induced c-fos Expression
To clarify the role of CREB in TNF-␣ signaling, we overexpressed dominant-negative form of CREB by an adenovirus vector (AdCREB M1). We used AdLacZ as a negative control for adenovirus infection. CREB phosphorylation by TNF-␣ was attenuated by AdCREB M1 infection ( Figure II , available online at http://atvb.ahajournals.org). CRE is one of the important cis-DNA elements regulating c-fos gene expression. AdCREB M1 suppressed TNF-␣-induced c-fos mRNA expression ( Figure II) . Although AdLacZ infection slightly upregulated basal c-fos mRNA expression, the increase was statistically insignificant; and the response of c-fos gene expression to TNF-␣ was not affected. These data suggest the critical role of CREB in TNF-␣-induced c-fos gene expression.
AdCREB M1 Inhibits TNF-␣-Induced VSMC Migration
TNF-␣ is known to induce VSMC migration. 6, 16 To evaluate the role of CREB in regulation of TNF-␣-induced VSMC migration, we performed cell migration assay using a Boyden chamber. AdCREB M1 infection suppressed TNF-␣-induced VSMC migration; however, AdLacZ infection did not ( Figure  4A ). This suggests that CREB mediates TNF-␣-induced migration. Next, we examined the effect of SB203580 on TNF-␣-induced VSMC migration. VSMC treatment with SB203580 decreased VSMC migration induced by TNF-␣ ( Figure 4B ). These data suggest that p38-MAPK/CREB pathway is critical for TNF-␣-induced VSMC migration. The quantity of VSMC migration in this study is almost the same as that reported previously. 16 We reported previously that AdCREBM1 induced VSMC apoptosis after 4 days of infection. 17 We examined cell migration after 2 days of AdCREB M1 infection. At this point, staining with Hoechst 33258 showed that AdCREB M1 infection increased apoptosis cells (1.6%) compared with LacZ infection (0.2%). However, AdCREB M1 infection decreased VSMC migration by 38% compared with AdLacZ infection in this study, therefore, the effect of AdCREB M1 on cell viability in the condition of migration assay may be negligible.
Platelet-derived growth factor (PDGF)-BB is one of the most potent chemoattractants for VSMCs. 1,2 AdCREB M1 infection did not suppress PDGF-BB-induced VSMC migration ( Figure 4C ). This suggests that CREB may not be involved in PDGF-BB-induced migration.
AdCREB M1 Inhibits TNF-␣-Induced Rac1 Expression
The Rho family of small guanosine triphosphatases (GTPases), such as RhoA and Rac1, is an essential regulator of actin cytoskeletons and cell migration. 18, 19 We used TF-SEACH (transcription factor-binding sites) to search the promoter region of these small G-proteins. TFSEACH results showed the presence of possible CRE site in the promoter of RhoA, Rac1, and Cdc42. Therefore, we hypothesized that CREB regulated the Rho family GTPase expression. Ad-CREB M1 infection suppressed Rac1 protein expression induced by TNF-␣; however, LacZ did not ( Figure 5 ). TNF-␣ did not affect RhoA or Cdc42 expression ( Figure 5 ). These data suggest that CREB regulates TNF-␣-induced Rac1 protein expression in VSMCs. Several studies demonstrated that Rac1 inhibition attenuated cell migration, 20 -22 and we examined the role of Rac1 on TNF-␣-induced VSMC migration. AdDNRac1 infection suppressed TNF-␣-induced VSMC migration ( Figure 4D ). This suggests that one of the CREB target molecules involved in TNF-␣-induced VSMC migration is Rac1. We performed an electrophoretic mobility shift assay to examine whether TNF-␣ increases CREB DNA binding to the CRE site in the Rac1 promoter. TNF-␣ increased NF-B binding activity to the consensus NF-B sequence with the peak at 1 hour of stimulation; however, it did not affect CREB binding activity to the CRE site in the Rac1 promoter ( Figure III , available online at http://atvb.ahajournals.org). CREB binding was specific because the band was eliminated by 50 molar excess of unlabeled competitor, and the band was supersifted by addition of an antibody against CREB. Many studies indicate that CREB phosphorylation on Ser133 does not alter CREB/DNA interaction. 23, 24 Our data also indicated that CREB phosphorylation did not increase CREB binding to Rac1 gene promoter.
Discussion
In the present study, we showed that CREB was activated by TNF-␣ and mediated TNF-␣-induced VSMC migration. Activation of CREB by TNF-␣ and TNF-␣-induced VSMC migration was dependent on p38-MAPK pathway. One of the target molecules of CREB involved in TNF-␣-induced VSMC migration may be Rac1, a Rho family small GTPase.
Recent evidence suggests that MAP kinases play the major role in stress-induced cellular responses including cell proliferation, survival, and apoptosis. 25 It was reported that ERK pathway mediated VSMC migration induced by TNF-␣. 16 In the present study, we showed that p38-MAPK inhibition by SB203580 reduced TNF-␣-induced VSMC migration. This suggests that p38-MAPK also plays an important role in TNF-␣-induced VSMC migration. Recently, several reports have shown that activation of the p38-MAPK pathway is important for cell migration and actin reorganization. In vascular endothelial cells, it was shown that p38-MAPK plays a critical role in oxidative stress-induced actin reorganization 26 and PDGF-induced cell migration. 27 p38-MAPK activation regulates PDGF-induced tracheal smooth muscle cell migration by signaling to the 27-kDa heat shock protein. 28 Our results indicating that p38-MAPK pathway is critical for VSMC migration induced by TNF-␣ are consistent with these reports. In the downstream of p38-MAPK, MAPK-activated protein kinase-2 11 and mitogen-and stressactivated protein kinase-1 29 are activated. These MAPKs are believed to phosphorylate CREB. However, it is not clear at the moment which kinase is responsible for CREB phosphorylation induced by TNF-␣.
Members of the Rho family of small GTPase are key regulators of actin cytoskeletal dynamics. 18, 19 Cdc42 activation induces actin polymerization at the cell front to form long and thin extensions (filopodia). Rac activation induces formation of broader web-like extensions (lamipodia). Rho induces further organization of actin into bundles and production of large, highly organized structures termed focal adhesions. The database search for CRE site in the promoter regions revealed the presence of possible CRE site in all Rho family of small GTPase. However, in the present study, we demonstrated that CREB inhibition reduced TNF-␣-induced VSMC migration and Rac1 protein expression, and TNF-␣ did not affect expression of RhoA or Cdc42. Furthermore, adenovirus-mediated expression of a dominant-negative form of Rac suppressed TNF-␣-induced VSMC migration. This suggests that Rac1 gene activation through CRE/CREB may be involved in VSMC migration induced by TNF-␣. Accumulating evidence has demonstrated that Rac1 inhibition attenuated cell migration. In in vitro wound healing assay using rat embryo fibroblasts, microinjection of wound edge cells with dominant-negative Rac1 prevented lamellipodia formation and membrane ruffing, and there was no forward movement. 20 In VSMCs and human umbilical vein endothelial cells, adenovirus-mediated expression of a dominantnegative form of Rac1 attenuated cell migration. 21 Furthermore, Rac1 inactivation in the Drosophila ovary prevents migration of border cells during oogenesis from the anterior tip, through the nurse cells, and to the oocyte. 22 Results of these studies are consistent with our results. Although Rac1 has been shown to associate with several effector molecules such as POR1 and PAK, WAVE family is thought to be the main downstream effector molecule of Rac1 for formation of lamellipodia and membrane ruffle. 30 WAVE regulates membrane ruffle formation by activating the Arp2/3 complex. 31 The effect of dominant-negative CREB on these proteins is not clear at the moment. In the present study, we used Boyden chamber to assess VSMC migration. However, it is not clear whether dominant-negative CREB affects other processes of cell function such as VSMC attachment to the membrane. It is difficult to separate these processes in our assay system. Therefore, we believe that the results of Boyden chamber assay reflect several steps of cell migration, including adhesion and movement.
Although it is generally accepted that phosphorylation enhances transactivation potential of CREB (its ability to recruit the transcriptional apparatus through its transactivation domain), there is conflicting evidence regarding whether phosphorylation also regulates the DNA-binding activity of CREB. In vitro binding studies indicate that CREB phosphorylation on Ser133 does not alter affinity of CREB for a palindromic CRE, although stimulatory effects of Ser133 phosphorylation on half site CRE binding have been observed. 32 Genomic foot-printing has also revealed that elevated levels of cAMP increased CRE occupancy of the tyrosine aminotransferase in vivo. 33 Several other studies have failed to detect phosphorylation-induced changes in the CREB/DNA interaction. 23, 24 It is unclear why different laboratories have reached such disparate conclusions. We showed that TNF-␣ induced CREB phosphorylation but did not affect DNA-binding activity of CREB to Rac1 promoter. These data indicate that CREB phosphorylation stimulates Rac1 transcription not through regulation of its DNA-binding activity.
Klemm et al reported that CREB activation decreased PDGF-BB-induced migration in bovine aortic VSMCs. 34 However, many chemoattractants such as PDGF-BB, 35 insulin-like growth factor I, 36 and angiotensin II 37 are known to stimulate CREB phosphorylation as well as proliferation, hypertrophy, and migration of VSMCs. These results and our data strongly suggest that CREB may be involved in these processes. The reason for the discrepant results between Klemm et al and ours is not clear at this point and requires further investigation.
Vascular remodeling in response to injury requires rearrangement in the VSMC cytoskeleton and includes migration of activated VSMCs from the tunica media into the intimal layer of the arterial wall. The data presented in this study suggest that p38-MAPK/CREB/Rac pathway may play a critical role in vascular stenotic disease and could be a therapeutic target for prevention of restenosis or atherosclerosis.
